Abstract
Results
Carotid DC significantly predicted future total CV events, CV mortality and all-cause mortality. The pooled risk ratios (RRs) of CV events, CV mortality and all-cause mortality were 1.19 (1.06-1.35, 95%CI, 9 studies with 18993 subjects), 1.09 (1.01-1.18, 95%CI, 2 studies with 2550 subjects) and 1.65 (1.15-2.37, 95%CI, 6 studies with 3619 subjects), respectively, for the subjects who had the lowest quartile of DC compared with their counterparts
Introduction
Increased arterial stiffness is associated with the development of atherosclerosis; therefore, it is a surrogate marker for cardiovascular (CV) diseases [1] . Aortic pulse wave velocity (PWV) is recognized as the 'gold standard' of arterial stiffness, because it is the most commonly used stiffness parameter for predicting CV diseases in a substantial number of studies [2] . It is commonly measured at the carotid and the femoral arteries using pressure sensors, and it indirectly reflects the regional arterial stiffness [2, 3] . However, pressure sensors are specific devices and are not always available in all clinical centers. Moreover, the pressure waveform or transit distance may not be accurately recorded in patients with metabolic syndrome, obesity, diabetes mellitus, peripheral artery disease, and aortic, iliac or proximal femoral stenosis [2, 3] ; thus, it may be difficult to obtain an accurate measurement of aortic PWV in these patients (PWV = distance/transit time, m/s).
In addition to the aortic artery, the carotid artery is also susceptible to atherosclerosis. Local stiffness of the carotid artery is of particular interest in the prediction of future CV events. In contrast to the regional arterial stiffness, which is indirectly reflected by measuring the pulse wave velocity over the arterial segment, carotid stiffness can be assessed, 1) directly by measuring the pulsatile motions of the carotid artery wall; and 2) via the use of widely available and non-invasive imaging modalities, such as ultrasound or magnetic resonance imaging (MRI) [2, 3] . Thus, the assessment of carotid stiffness may not have the limitations of aortic PWV determination in the prediction of CV diseases.
Various stiffness parameters, such as distensibility coefficient (DC), compliance coefficient (CC), index β, Peterson elastic modulus and incremental modulus of elasticity (Einc) or Young's elastic modulus (YEM), may be used to represent carotid stiffness. Of these parameters, DC is the relative change in the cross-sectional area/diameter during the cardiac cycle for a stroke change in blood pressure, and it is inversely correlated with arterial stiffness. It reflects the intrinsic stiffness of the artery and can be transferred to local PWV using the following formula: PWV = (ρ Ã DC) -1/2 , in which ρ is the blood density and is approximately equal to 1 g/ cm 3 [3, 4] . Thus, the use of DC to represent carotid stiffness may have an advantage for parallel comparisons of local and regional arterial stiffness in the prediction of future CV diseases. A limited number of studies have shown that carotid DC significantly predicts future CV diseases or all-cause mortality [5] [6] [7] [8] [9] [10] ; however, several studies have failed to demonstrate consistent findings [11] [12] [13] [14] [15] . The predictive value of carotid DC remains debated, and the pooled risk ratios (RRs) of CV diseases and all-cause mortality for carotid DC remain unclear. Thus, we conducted the present study to investigate the overall quantitative estimate of the predictive role of carotid DC.
Materials and Methods

Literature research
Search terms, including ((carotid)) AND ((stiffness) OR (distensibility) OR (elasticity)) AND ((longitudinal) OR (prospective) OR (follow-up)) AND ((stroke) OR (coronary heart disease) OR (cerebrovascular disease) OR (cardiovascular disease) OR (death) OR (mortality)), were used to identify studies in the PubMed, Embase and Cochrane databases until November 2015. A manual search of the reference lists in all identified relevant publications and relevant review articles was also performed.
Selection Criteria
Two reviewers, Y. C. and W. J., independently performed the literature search, study selection and data extraction. Meetings were conducted to address disagreements in these processes until a consensus was achieved. In the initial screening, the abstracts and titles were reviewed in Endnote, and the articles were considered for inclusion in the meta-analysis if they reported the following: 1) the incidence of CV diseases or all-cause mortality, including fatal or nonfatal stroke (ischemic or hemorrhagic), CHD (myocardial infarction, coronary artery bypass grafting, coronary angioplasty or angina pectoris), heart failure and peripheral arterial disease, and sudden death (S1 Table) , 2) the assessment of carotid arterial stiffness (DC, CC, index β, Peterson elastic modulus or Einc/YEM), and 3) data from an original human study. The fulltexts of the relevant articles identified in the initial screening were reviewed for the second screening. The exclusion criteria for eligibility were: 1) not a longitudinal study, 2) only an abstract, or 3) other stiffness parameters as the determinant rather than carotid DC. For cases of multiple publications [6, 8] , the articles with the most up-to-date data were included in the meta-analysis if the risk estimate for carotid DC was available.
Data extraction
If available, risk estimates with adjustments for covariates were used in our analysis. In the 11 studies included in the present meta-analysis, Blacher et al. reported the risk estimates using dichotomous frequency and odds ratio (OR) [5] , whereas Barenbrock et al. demonstrated the risk estimates using OR and Kaplan-Meier survival curve [6] . The ORs were transferred to RRs using the following formula: RR = OR/((1-P0)+(OR×P0)) [16] , in which P0 represents the proportion of events in the reference group and was calculated using the dichotomous frequency or data extracted from the survival curve (see S2 Table) . The other 9 studies reported HRs, which were directly treated as RRs [17] .
In the present study, we investigated the pooled RRs of clinical events for the lowest quartile versus the higher quartiles, a 1 standard deviation (SD) decrease or a 1 unit decrease of carotid DC. Most of the studies included in the meta-analysis reported the risk estimates for change in 1 SD of DC [6] [7] [8] [9] [10] [11] [12] 14] , whereas other studies used various categories of DC (tertile [13] or quartile [5, 15] ). The RRs for each category of DC were converted to each other using a previously published method [18] . For example, two studies reported RRs for the lowest quartile of DC [5, 15] . We assumed that DC values were normally distributed, and used the reported mean and SD to estimate the 12.5th and 62.5th percentiles of DC (which corresponded to the midpoints of the lowest and the 3 higher quartiles, respectively). The RRs after conversion were equal to Exp(natural log RR/(difference of DC between the two percentiles/SD of DC)) and Exp(natural log RR /(difference of DC between the two percentiles)) for the change in DC per SD and per unit, respectively. In addition, for the studies that indicated risk estimates for the increase of DC [7, 11, 12, 14] , 1/RR was used in the meta-analysis (See S2 Table) .
Statistical analysis
The quality of each included study was assessed using the Newcastle-Ottawa Quality Assessment Scale (NOS) [19] . The pooled RRs of CV events, CV mortality and all-cause mortality for lower DC were individually investigated in the present study (lowest quartile vs higher quartiles, 1 SD decrease and 1 unit decrease, respectively). The I 2 statistic was used to determine the proportion of the inconsistencies across studies not explained by chance [20] . Cochran's Q test was performed to measure heterogeneity among the studies [21] . When the heterogeneity was significant (P<0.05), a random-effects model was applied to calculate the pooled RRs [22, 23] .
To determine whether a single study, the duration of follow-up, and the quality of the studies and risk estimates affected the pooled RRs, the sensitivity analyses were conducted by removing one study or unfavorable studies (with a follow-up duration <5 years, NOS score <7, or RR derived from OR), and subsequently calculating the combined RRs of the remaining studies. The publication bias was assessed using funnel plot precision (plots of the effect estimates against the sample size) [24] , the classic fail-safe N method (number of missing studies that would produce insignificant results) [25] , and the trim-and-fill method (the impute of missing studies and recalculation of the pooled risk estimates) [26] . All the data analyses were performed using Comprehensive Meta Analysis (Version 2, Biostat, Englewood, New Jersey).
Results
Summary
Using the search terms, we identified 1358 publications in the PubMed, Embase, and Cochrane databases and via the internet until November 2015. In the initial screening of these publications, 1334 articles were excluded because of the following reasons: 1) the determinants were not carotid arterial stiffness and the outcomes were not CV events, CV mortality or all-cause mortality, 2) review articles, letters, editorials, commentaries, guidelines or protocols, 3) invitro or in-vivo animal studies, or 4) case reports or other unrelated articles (Fig 1) . Twentyfour relevant studies were identified, and their full-texts were reviewed for the second screening. Of the 24 studies, 13 studies were excluded because of the following reasons: 1) not a prospective study (n = 4), 2) abstracts only (n = 3), 3) component of a further study (n = 2), 4) published repeatedly (n = 1), 5) lacked data regarding carotid DC (n = 2), and 6) lacked data regarding the risk estimate for carotid DC (n = 1) (Fig 1) . Finally, 11 studies with 20361 subjects were included in the meta-analysis. Of the 11 studies, 9 studies (18993 subjects) reported the risk estimates for CV events compared with 2 studies (2550 subjects) for CV mortality and 6 studies (3619 subjects) for all-cause mortality. The 11 studies were published from 1998 to 2014 and had a mean or median follow-up from 8.8 to 165 months and a sample size from 68 to 10470 subjects. The details of the 11 studies are shown in Table 1 . In the quality assessment using the Newcastle-Ottawa Scale (NOS), the study quality scores varied from 5 to 9 points with a median of 7 points (Table 2) .
Meta-analysis for CV events
For CV events, 9 studies were included in the meta-analysis. The individuals with a lower DC had a significantly increased risk of CV events when compared with their counterparts with a greater DC (P<0.05). The pooled RR of CV events was 1.19 (1.06-1.35, 95%CI) for the lowest quartile compared with the higher quartiles of DC. For the 1 SD decrease and 1 unit decrease of DC, the pooled RRs were 1.13 (1.04-1.22, 95%CI) and 1.03 (1.01-1.05, 95%CI), respectively (Fig 2A) . Furthermore, in the studies with a high-risk population (n = 6, ESRD patients [6, 8] , elderly individuals [11, 14] , patients with manifest arterial disease [12] or patients with potential heart failure [15] ), the corresponding pooled RRs of CV events were slightly increased to 1.23 (1.03-1.87, 95%CI), 1.15 (1.02-1.30, 95%CI), and 1.05 (1.01-1.09, 95%CI), respectively. In the sub-group analysis for stroke [9, 12, 13] and CHD [9, [12] [13] [14] , the pooled RRs were 1.08 (0.96-1.22, 95%CI) and 1.02 (0.98-1.07, 95%CI) for a 1 SD decrease in DC, respectively. When All-cause (n = 18) and CV mortality (n = 10). including the unpublished and up-to-date data (unpublished data of 579 subjects with an event rate of 0.9% and 1.3% and a median follow-up duration of 7.7 and 7.7 years, respectively, for stroke and CHD in the study of van Stolen et al. [10] , as well as unpublished up-to-date data of 4713 subjects with an event rate of 0.8% and 1.2% and a median follow-up duration of 12 and 9.9 years, respectively, for stroke and CHD in the study of Mattace-Raso et al. [13] ), the pooled RRs of stroke and CHD were 1.15 (1.01-1.30) and 1.03 (0.99-1.07), respectively (S1 Fig). Thus, carotid DC significantly predicted stroke but not CHD.
The sensitivity analysis indicated that, for CV events, the exclusion of a single study did not alter the final result, with pooled RRs that ranged from 1.14 (1.02-1.28, 95%CI) to 1.24 (1.07-1.48, 95%CI) for the lowest quartile, 1.09 (1.02-1.17, 95%CI) to 1.16 (1.04-1.29, 95%CI) for a 1 SD decrease, and 1.01 (1.00-1.03, 95%CI) to 1.05 (1.02-1.08, 95%CI) for a 1 unit decrease in DC (Fig 3A) . In addition, when the studies with a follow-up duration less than 5 years [11, 12, 14, 15] , an NOS score less than 7 points [8, 15] , or a RR derived from OR [6] were excluded, carotid DC continued to significantly predict future CV events (P<0.05, S3 Table) . Thus, the duration of follow-up, NOS score and OR-derived RR did not change the significance of carotid DC in the prediction of CV events.
The publication bias analysis demonstrated that the funnel plot was symmetrically distributed at both the left and right sides of the axis (Fig 4A) , which indicated that the quantity of the studies with negative or positive risk estimates was similar. Furthermore, the imputed RRs of CV events were 1.18 (1.05-1.34, 95%CI) and 1.12 (1.03-1.21, 95%CI) for the lowest quartile and a 1 SD decrease in DC, respectively. The imputed RRs were lower than the original risk estimates; however, they were still significant. For the 1 unit decrease in DC, the imputed RR was 1.01 (0.99-1.02, 95%CI), which was insignificant. In addition, the fail-safe N test indicated that the number of missing studies that would produce insignificant result was 61, which 
1. Representativeness of the exposed cohort.
2. Selection of the non-exposed cohort.
3. Ascertainment of exposure. 4. Demonstration that the outcome of interest was not present at study initiation.
5 and 6. Comparability of cohorts on the basis of the design or analysis (Studies that controlled for age were assigned one score, and studies that controlled for other critical covariates were assigned another score). 7. Assessment of outcome.
8. Sufficient follow-up for outcomes to occur (Studies with a follow-up duration more than 5 years were assigned one score).
9. Adequacy of cohorts follow up (Studies with complete follow-up or subjects lost to follow up unlikely to introduce bias were assigned one score).
doi:10.1371/journal.pone.0152799.t002
indicates that 6.8 (61/9) unpublished or undiscovered studies for every one study in our metaanalysis may change the significant results. Thus, the publication bias findings suggested that unpublished or undiscovered studies, if any, were insufficient to affect our findings regarding the lowest quartile and the per SD decrease in DC in CV event prediction.
Meta-analysis for CV mortality
Only 2 studies assessed the risk of CV mortality for a lower DC. The pooled RRs of CV mortality for the lowest quartile, a 1 SD decrease, and a 1 unit decrease in DC were 1.09 (1.01-1.18, 95%CI), 1.06 (1.00-1.12, 95% CI), and 1.01 (1.00-1.02, 95%CI), respectively (Fig 2B) . Two studies had high-risk populations (elderly individuals [11] and patients with manifest arterial disease [12] ). However, the publication bias and the sensitivity cannot be assessed in two studies, although a meta-analysis may include only two studies [27] . Thus, it is possible that a negative risk estimate, if any, in unpublished or undiscovered data or studies may influence the significant pooled RRs.
Meta-analysis for all-cause mortality
Six studies reported the risk estimates of all-cause mortality and were included in the metaanalysis. The risk of all-cause mortality for the lowest quartile, a 1 SD decrease, and a 1 unit decrease in DC were significant with pooled RRs of 1.65 (1.15-2.37, 95%CI), 1.41 (1.10-1.80, 95%CI), and 1.06 (1.02-1.10, 95%CI), respectively (Fig 2C) . In high-risk populations (n = 4, ESRD patients [6, 8] , elderly individuals [12] , and patients with cardiovascular risk factors [7] ), the risk estimates were correspondingly increased to 1.89 (1.02-3.51, 95%CI), 1.54 (1.01-2.35, 95%CI), and 1.06 (1.01-1.12, 95%CI), respectively. The sensitivity analysis demonstrated that the pooled RRs were not altered when a single study was removed, with pooled RRs that ranged from 1.50 (1.06-2.11, 95%CI) to 1.85 (1.33-2.58, 95%CI) for the lowest quartile, 1.31 (1.04-1.66, 95%CI) to 1.52 (1.22-1.90, 95%CI) for a 1 SD decrease, and 1.05 (1.01-1.09, 95%CI) to 1.08 (1.03-1.13, 95%CI) for a 1 unit decrease in DC (Fig 3B) . In addition, the exclusion of the studies with a follow-up duration less than 5 years [5, 7, 11] , an NOS score less than 7 points [8] , or a RR derived from OR [5] did not alter the significant findings (P<0.05) (S3 Table) .
Regarding the publication bias of the six studies, the funnel plot was asymmetrically distributed at the bottom, which indicated that small studies with small or negative risk estimates were missed in the present meta-analysis (Fig 4B) . Using the trim-and-fill method to impute the missing studies, the adjusted risk estimates remained significant for the lowest quartile (1.40, 1.02-1.93, 95%CI) and a 1 SD decrease (1.26, 1.01-1.56, 95%CI), but not for a 1 unit decrease in DC (1.02, 0.98-1.06, 95%CI). In addition, the fail-safe N test indicated that the number of missing studies that would produce insignificant results was 33, which suggests that 5.5 (33/6) unpublished or undiscovered studies for every one study included in the present meta-analysis may change the significant results. Thus, the publication bias was insufficient to affect the predictive value of the lowest quartile and the per SD decrease in DC for all-cause mortality. 
Discussion
The present study investigated the predictive value of carotid DC for future CV diseases and all-cause mortality. In the meta-analysis, 20361 individuals from 11 longitudinal studies were pooled. The individuals with the lowest quartile of DC had 1.19 times the risk of CV events, 1.09 times the risk of CV mortality and 1.65 times the risk of all-cause mortality compared with the individuals with the 3 higher quartiles of DC. A decrease in DC of 1 SD predicted a 13%, 6%, and 41% higher incidence of CV events, CV mortality and all-cause mortality, respectively, whereas a decrease in DC of 1 unit predicted a 3%, 1% and 6% higher incidence of the corresponding clinical events. Moreover, the predictive value of carotid DC for CV events and all-cause mortality was stronger in the high-risk population.
These findings were consistent with the results from another meta-analysis, which was published during the review process of our study [28] . Based on the published and unpublished data, as well as the recalculated risk estimates, van Sloten et al. demonstrated that a 1 SD greater carotid stiffness significantly predicted stroke (1.18, 1.05-1.33, 95%CI), CV events (1.16, 1.07-1.26, 95%CI), CV mortality (1.30, 1.15-1.46, 95%CI), and all-cause mortality (1.22, 1.12-1.34, 95%CI), but not CHD (1.03, 0.98-1.10, 95%CI). Interestingly, they used YEM instead of DC in their meta-analysis when including the studies of Dijk et al., Leone et al., and Stork et al. ( with the reason that the risk estimates for DC were not available). However, the risk estimates for DC were indeed reported in the three publications [11, 12, 14] . Various stiffness parameters may have different values for the prediction [11, 15] , and may be in caution for combination. In addition, they did not investigate the risk estimates for other categories of DC or in different populations. In a separate analysis for DC (which did not include the studies of Dijk et al., Leone et al., and Stork et al.) , van Sloten et al. reported that the pooled HRs of CV events, CV mortality and all-cause mortality were 1.14 (1.04-1.26, 95%CI), 1.47 (1.05-2.06, 95%CI) and 01-1.10, 95%CI), 1.07 (1.02-1.13, 95%CI ) and 1.05 (1.01-1.09, 95%CI) for a 1 unit decrease in DC. Thus, the two independent meta-analyses both indicated that carotid DC significantly predicts CV diseases and all-cause mortality, and the prediction is stronger when the lowest quartile of DC and a high-risk population are considered.
For the 20361 subjects from the 11 studies in the present meta-analysis, the aggregate DC was 17.9 ± 7.2 kPa
. As a result, the lowest quartile of DC should be 13.0 kPa , when assuming the blood density as 1 g/cm 3 [3] ). Nevertheless, local carotid PWV cannot be directly used as aortic PWV. Paini et al. demonstrated that the stiffening of the carotid artery was lower compared with the aortic artery with age and CV risk factors [29] . In four studies that reported both carotid DC and aortic PWV [8, 10, 13, 30] , local carotid PWV (derived from DC) was 3.2 m/s lower than aortic PWV (3088 subjects). Therefore, 13 kPa 
Á10
−3 may be used as the cut-off value of carotid DC for the stratification of patients who have an increased risk of CV diseases and may require follow-up more closely. In addition, carotid DC is capable of predicting stroke and all-cause mortality independent of CV risk factors and aortic PWV [28] . Moreover, carotid DC additionally improves the risk prediction beyond CV risk factors and aortic PWV [28] . Aortic PWV is currently used to stratify high-risk patients in the management of arterial hypertension, and no practice guideline has documented the use of carotid DC in clinics [32, 33] . However, the assessment of aortic PWV is not always available because of limited devices and specific patients [2, 3] . In contrast, the measurement of carotid DC is more available because it can be assessed using two widely available imaging modalities, ultrasound and MRI, and, for most patients, via the measurement of the pulsatile motions of the carotid artery wall. Thus, carotid DC may be used for the prediction of CV diseases independently and additionally regardless of whether the measurement of aortic PWV is available. Nevertheless, the predictive value of carotid DC was not as strong as aortic PWV [17] . Vlachopoulos et al. reviewed the predictive value of aortic PWV for future CV events and all-cause mortality in 17 longitudinal studies; the results indicated that the pooled RRs of CV events, CV mortality and all-cause mortality were 2.26 (1.89-2.7, 95%CI), 2.02 (1.68-2.42, 95%CI) and 1.9 (1.61-2.24, 95%CI), respectively, in the comparison of higher and lower aortic PWVs [17] . In addition, a 1 SD increase in aortic PWV indicated an increase of 47%, 47% and 42% for CV events, CV mortality and all-cause mortality, respectively. The weaker predictive value of carotid DC may occur, in part, because the peripheral BP and simplified formula were used for the calculation of carotid DC in most studies. DC should be calculated using the following formula: DC = (ΔA/Ad)/ΔP = (2ΔD×Dd+ΔD 2 )/ (ΔP×Dd 2 ), in which ΔA is the cross-sectional area of the arterial distension, Ad means the cross-sectional area in diastole, ΔP shows the carotid pulse pressure (PP), ΔD indicates the diameter of the arterial distension, and Dd represents the diameter in diastole. Eight of the 11 studies used peripheral BP to represent local carotid BP for calculating DC. There are changes in the amplitude and timing of wave reflection along the arterial tree; thus, SBP measured at the brachial artery is commonly increased compared with the carotid artery [2] . The use of peripheral BP to calculate carotid DC may overestimate carotid PP, which consequently leads to an underestimation of the association between carotid DC and CV diseases. In addition, a simplified formula, DC = 2(ΔD/ Dd)/ ΔP, was used in most studies (n = 7), which may cause an underestimation of the difference between the stiff and elastic carotid arteries (especially when ΔD is large compared with Dd) [3] and may consequently underestimate the predictive value of DC for CV diseases.
In conclusion, carotid DC is a significant predictor for future CV diseases and all-cause mortality, although the predictive value is not as strong as aortic PWV. In clinics, the lowest quartile of carotid DC may be used as a cut-off value to stratify patients who have an increased risk of future CV events, especially in populations of elderly individuals and patients with CV risk factors, so as to conduct an early diagnosis and prompt treatment. Nevertheless, future studies are needed to identify the cut-off value in different countries and races, investigate the effectiveness of the cut-off value for the prediction, and determine a strategy for follow-up to balance the costs and benefits epidemiologically.
Limitations
A small number of studies were available and included in the present meta-analysis (especially regarding the CV mortality, in which only two studies were included in the analysis), which limited the publication consistency and our findings. In addition, the definitions of CV events in the included studies were different, which may introduce bias factors in the present study. Furthermore, local PP rather than peripheral PP may be used for the precise measurement of carotid DC; however, these variables were not fully investigated in the present study. Future studies remain to be conducted to address these problems. 
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